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Abstract 
Photochromic compounds, namely spiropyran, spirooxazine, and naphthopyran, have received much attention, be-
cause of their high potential applications in various industrial fields. The aim of this study is to understand the be-
havior of three photochromic dyes in solution form via statistical approach. The types of dyes and solvents were 
screened using multilevel factorial design. From the analysis of variance results, it was found that the types of 
dyes and solvents used as well as their interaction have significant effects on the absorbance and photostability. 
The naphthopyran compound displayed highest change in absorbance intensity, followed by spiropyran and spi-
rooxazine, when dissolved in isopropanol separately. However, the spirooxazine is the most photostable dye com-
pared to naphthopyran and spiropyran, with ethanol as the solvent. 
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Research Article 
1. Introduction 
Photochromism is a part of photochemistry 
as it involves a reversible change in color of cer-
tain substances upon light irradiation [1]. The 
most well-known application of photochromic 
materials is the photochromic lens for optical 
glasses that darken on exposure to UV light. 
The most commercialized photochromic dyes are 
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spiropyrans, spirooxazines, and naphthopyrans  
[2]. The application of photochromic dyes is ex-
tensive which include biomedicine, textiles, 
thermoplastic, ophthalmic lenses, chemical 
sensing and surface coatings [2–4]. In biomedi-
cine, photochromic dyes are used in the photoac-
tivation control of fluorescence imaging, drug 
delivery and biomacromolules; on-demand cell 
attachment; and photopharmacological chemo-
therapy [3]. Spiropyran-functionalized polydi-
acetylene (SFPDA) vesicles were investigated in 
the detection of cyanide anions (CN−) that are 
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based on colorimetric and fluorometric meas-
urement, in which spiropyrans were used as 
the receptors for CN− detection based on the 
nucleophilic addition of CN− that will result in 
a clear optical change [5]. Sahoo and Kumar re-
ported on the use of spirooxazines for the opti-
cal detection of Fe3+ in aqueous solution [6]. As 
spirooxazines are the photoreversible molecules 
that oscillate between two different states of 
closed and open form, the open form with its 
more polarized character can bind with metal 
ions especially trivalent metal ion Fe3 [6]. Spi-
ropyran and naphthopyran photochromic dyes 
were incorporated into polypropylene fibres by 
melt extrusion for the production of fibres that 
showed better photostability in polypropylene 
than in screen-printed textiles [7].  
The first aim of this paper is to investigate 
the behaviour of photochromic organic dyes by 
observing the absorption spectra and fading ki-
netic in organic solvents of ethanol and isopro-
panol. The second aim of this paper is to deter-
mine the photochromic dye with the highest ab-
sorbance and photostability in solution form, 
using multilevel factorial design. The photosta-
bility or fatigue resistance must be considered 
and improved because it is the most formidable 
drawback for photochromic material which re-
duce their commercialization and practical ap-
plications [8–10].  
Islam et al. investigated the performance 
and photofatigue behavior of spirooxazines in 
ethanol, where maximum deep blue coloration 
due to active photochromism of spirooxazines 
was achieved at 6% UV irradiation power [11]. 
Nevertheless, existing photochromic studies 
have focused on the individual parameter while 
ignoring the interaction between the parame-
ters. It is essential to detect whether the pa-
rameters interact with each other or not be-
cause there are cases where the interaction is 
significant even though the individual parame-
ters are insignificant [12–14]. There are no 
studies that have investigated the interaction 
between absorption spectra and fading kinetic 
of photochromic dyes in organic solvents statis-
tically. 
The use of a statistical approach allows effi-
cient estimation of the effect of each parameter 
and also any possible interaction between the 
parameters using the smallest number of ex-
periments [15]. The multilevel factorial design 
is capable of producing an experimental design 
based on the combination of different independ-
ent factors at different levels, i.e. one factor at 
three levels and another factor at two levels, 
and also identify which factors have significant 
effects on the response [16]. 
2. Materials and Methods 
2.1 Sample Preparation 
There were three types of photochromic 
dyes utilised in this study, which are 1,3,3-
trimethylindolinonaphthospirooxazine (SO), 
3,3-diphenyl-3H-naphtho[2,1-b]pyran (NP), 
and 1′ ,3 ′ -dihydro-1′,3 ′ ,3 ′ - trimethyl -6-
nitrospiro[2H-1-benzopyran-2,2′-(2H)-indole] 
(SP) as shown in Scheme 1. The SO and NP 
were purchased from Tokyo Chemical Industry 
and SP from Sigma-Aldrich, respectively. For 
solvents, absolute ethanol (EtOH) (99%) was 
obtained from HmbG Chemicals and isopropyl 
alcohol or isopropanol (IPA) (70%) from Sys-
term. In photolithography room, the SO, NP, 
and SP dyes were dissolved individually in eth-
anol and isopropanol at a concentration of 1 
mM. The photochromic solutions were stirred 
at room temperature (RT) for 1 h and kept in 
the dark for 24 h. The solutions were then 




The absorbance and fading kinetic measure-
ments were performed according to the method 
described by Nadir et al. [17,18]. The dyes were 
irradiated with UV lamp (Efos Acticure A4000) 
at an intensity of 0.5 mW/cm2. The absorption 
Scheme 1. Photochromic mechanism of naph-
thopyrans, spirooxazines and spiropyrans 
[11,39–41]. 
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spectra were measured prior to and after UV 
irradiation by using UV-Vis spectrometer 
(OceanOptics USB4000) equipped with xenon 
lamp (OceanOptics PX-2). The absorbance was 
expressed as a percentage, with the solvent as 
blank. When any of the sampling variables is 
changed, a new reference spectrum must be 
stored. 
The change in absorbance intensity was cal-
culated by determining the absorbance prior to 




where A0 is the absorbance at time zero (after 
irradiation) and Ai is the absorbance before ir-
radiation. 
For fading kinetic measurement, the spec-
trometer was set at maximum wavelength 
(max) of the colored forms of the dyes. The dyes 
were irradiated with UV light and the decrease 
in absorbance was recorded against time. The 
fading kinetic of most photochromic dyes fits 
the first-order exponential function. Thus, the 
time evolution of the absorbance after UV irra-
diation, A(t), can be expressed as: 
(2) 
 
where A0 is the absorbance at time zero (after 
irradiation), Ai is the absorbance before irradia-
tion, k is the first-order rate constant for the 
fading kinetic, and t is the time. All of these 
were measured at the maximum wavelength, 
max [19]. 
Reorganizing Equation (2) by moving all the 





The natural log was placed at both sides to re-




The right side of the equation was simplified 









In order to find k, Equation (6) was constructed 
to fit the equation of a straight line on a graph. 
The graph of ln[(A(t)–Ai)/(A0–Ai)] versus t was 
plotted and the slope of the subsequent 
straight line represents the value of –k. From 
this, the half-life time, t1/2, of the photochromic 




where t1/2 is actually the time required for the 
maximum absorbance (A0–Ai) at the max of the 
merocyanine form to decrease to its half value 
((A0–Ai)/2) following the removal of activating 
light [2,20,21]. The fading rate constant is in-
versely related to the half-life time. 
 
2.3 Multilevel Factorial Design 
The multilevel factorial design was selected 
to study the in-depth relationship of photosta-
bility behavior for the inspected dyes within 
the investigated solvents with different polari-
ty. The behavior of these dyes was observed in 
two solvents of different polarity because the 
solvent polarity influences the photochromic 
behavior. The dye concentration and irradia-
tion time were fixed at 1 mM and 15 s, respec-
tively. 
The multilevel factorial design design (3×2, 
replication = 2) generated 12 experimental 
runs. The absorbance increment was measured 
daily for 14 days. The mean (M(∆Abs)) and 
standard deviation (SD(∆Abs)) of absorbance 
change were calculated. This standard devia-
tion was set as the main aspect to observe the 
dye photostability. Natural logarithmic trans-
formation was applied to model the variability 
of the standard deviation [16,22]. Hence, the 
value of natural log was computed and opted 
as the response. The design was replicated 
twice to examine the main effects of each factor 
as well as their interaction effect on the re-
sponse [16,23]. Also, the sensitivity of the anal-
ysis will be improved as the number of experi-
mental runs increases [22]. 
A multiple regression model was developed 
using the experimental results to find the rela-
tionship between the dye photostability to the 
types of dye and solvent. The developed model 
was verified statistically. 
 
2.4 Software 
SpectraSuite software was employed to 
measure the absorption spectra and fading ki-
netic as it can control the Ocean Optics USB 
spectrometer and support a real-time measure-
ment [18]. Meanwhile, the design of experi-
ments was planned and analysed using the sta-
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3. Results and Discussion  
3.1 Absorption Spectra 
Upon UV irradiation, all the three dyes in 
ethanol and isopropanol showed a color change 
as illustrated in Figure 1. The colorless SO and 
NP turned blue and orange, respectively, while 
the very light pink of SP became brighter, indi-
cating that the dyes exhibit mechanism of 
opened structure from oxazine (for spirooxa-
zines) and pyran (for naphthopyran and spiro-
pyrans) mode to merocyanine mode. This reac-
tion suggested that all the three dyes undergo 
photoisomerization in the investigated solvents 
(Scheme 1). On exposure to UV irradiation, the 
photoisomerization of spirooxazines leads to 
cleavage of C−O oxazine isomer and subse-
quently the formation of ring-opened merocya-
nine isomer that is blue in color [4,11]. The col-
or faded away once the UV light source is re-
moved due to reverting back of merocyanine to 
oxazine- and pyran-based structures. Merocya-
nine isomers that mainly consisted of quinoidal 
and zwitterionic forms, represent an equilibri-
um state [4]. Therefore, all three dyes display 
positive or normal photochromic behavior 
[24,5]. 
SO was colorless in both solvents prior to 
UV irradiation, thus gave nearly zero absorb-
ance intensities as depicted in Figure 2(a). Af-
ter 15 s of irradiation, the change in absorb-
ance intensities (∆A) went up to 0.108% for iso-
propanol (IPA) and 0.098% for ethanol (EtOH). 
SO in isopropanol demonstrated higher absorb-
ance increase. The absorption peak was detect-
ed at 608 nm for isopropanol and 613 nm for 
ethanol. This designates that SO shows posi-
tive solvatochromism as the peak shifted to-
Figure 1. Photocolouration of SO, NP, and SP 
before and after UV irradiation in ethanol and 
isopropanol. 
Figure 2. Change in absorbance intensities 
(∆A) spectra of (a) SO, (b) NP and (c) SP in eth-
anol and isopropanol before and after 15 s of 
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wards a longer wavelength (bathochromic or 
red shift) with increasing solvent polarity [26–
28].  The change in absorbance intensities (∆A) 
spectra in Figure 2(b) implied that the colorless 
NP has greater ∆A in isopropanol (0.604%) 
compared to ethanol (0.487%), similar to SO. 
Also, NP dye unveils positive solvatochromism 
because the maximum absorption band moved 
bathochromically from 428 nm to 430 nm as 
the solvent polarity increases [29]. 
Figure 2(c) illustrates the absorption spectra 
of SP in isopropanol and ethanol. Initially, SP 
displayed a light pink color in both solvents; 
hence it gave ∆A values of 0.162% in isopropa-
nol and 0.243% in ethanol. The values then in-
creased to 0.713% and 0.639%, respectively, af-
ter irradiation. SP in isopropanol revealed a 
higher intensity increase, like SO and NP. The 
maximum wavelength was shifted to a shorter 
wavelength (hypsochromic or blue shift) in 
more polar solvent, from 550 nm in isopropanol 
to 538 nm in ethanol. Therefore, SP is a nega-
tive solvatochromic compound [21,26,30]. 
 
3.2 Fading Kinetic 
The fading or bleaching kinetic represents 
the stabilization of the merocyanine or opened 
form. When a photochromic dye is more stable 
in its opened form than closed form, it will take 
a longer time to fade and thus the fading rate 
constant will decrease [31,32]. In solution form, 
the reverse reaction or fading kinetic of the 
photochromic dyes is quite well-fitted to the ex-
ponential decay function and usually fits first-
order kinetic [33,34]. 
As seen in Figure 3(a), the fading kinetics of 
SO in ethanol and isopropanol were almost 
similar. Both curves follow the first-order of ex-
ponential decay function. The time taken for 
ΔA  to become zero is around 5 s for SO in both 
solvents. The fading rate constant of SO in eth-
anol (k = 0.6239 s−1) is slightly larger than SO 
in isopropanol (k = 0.5443 s−1), which indicates 
that the merocyanine form of SO is less stable 
in ethanol. This is because the stability of the 
merocyanine form decreases as the fading rate 
constant increases. The degradation was faster 
in more polar solvent due to merocyanine–
oxygen interaction that produced a polar inter-
mediate, which would be stabilized by a polar 
solvent with a larger dielectric constant [10]. 
It is evident in Figure 3(b) that the fading 
kinetics of NP in ethanol and isopropanol are 
different from each other. With lower ∆A, NP 
in ethanol took 40 s to completely fade, while 
NP in isopropanol took a longer time of 70 s. 
NP in ethanol has a higher fading rate con-
stant (k = 0.1072 s−1) compared to NP in isopro-
panol (k = 0.0607 s−1). Thus, the opened form of 
NP is more stable in isopropanol. A similar ob-
servation was discovered when NP was dis-
solved separately in ethanol and toluene [35]. 
Even though SP in isopropanol has higher 
∆A, the fading curve became similar to SP in 
ethanol after 25 s of irradiation light removal, 
as shown in Figure 2(c). The change in absorb-
ance intensities (∆A) spectra of SP in ethanol 
and isopropanol decreased almost to zero at 
(a) 
(b) (c) 
Figure 3. Fading kinetics of (a) SO in ethanol (max at 613 nm) and isopropanol (max at 608 nm), (b) NP 
in ethanol (max at 430 nm) and isopropanol (max at 428 nm) and (c) SP in ethanol (max at 538 nm) and 
isopropanol (max at 550 nm) after 15 s of UV irradiation, at 1 mM of dye concentration. Inset: Linear 
plots of ln[(A(t)–Ai)/(A0–Ai)] versus time interval for the fading rate constant. 
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about 175 s. There is a moderate increase in 
the rate constant of SP in isopropanol (Δk = 
0.0011 s−1) due to stronger intermolecular in-
teractions in less polar solvent [10]. Moreover, 
the polar merocyanine was stabilized in more 
polar solvent through hydrogen bonding with 
the solvent [36]. Regardless of the solvents, SO 
has the highest rate constant, followed by NP 
and SP. The same consequence has been re-
ported when toluene was used as the solvent 
[24]. Comparing the dyes together with the sol-
vents, the rate constant was greater for SO and 
NP in ethanol, while it was smaller for SP in 
ethanol, which means that the opened forms of 
SO and NP are more stable in isopropanol, 
whereas SP is more stable in ethanol. Equation 
(7) discloses the negative relationship between 
the fading rate constant and the half-life time. 
The rate constant increases as the half-life time 
decreases. This is because the rate constant 
represents the stability of the merocyanine 
form. If the merocyanine form is unstable, it 
will quickly transform back to a closed form, 
which results in a high rate constant and low 
half-life time. Furthermore, it is possible to es-
timate the merocyanine stability by the max of 
the photochromic dye. The merocyanine stabil-
ity was improved at shorter max and thus in-
creased the half-life time [36]. 
3.3 Screening of Photochromic Dye and Solvent 
3.3.1 Analysis of variance (ANOVA)  
After understanding the photochromic be-
havior of the dyes, the next step of the investi-
gation was to evaluate the data collected from 
the designed experiments. The ANOVA was 
used to analyze the results of the factor and 
level combinations. The multilevel factorial de-
sign was exploited, i.e. one variable at three 
levels and another variable at two levels [16]. 
This design was used to screen the effects of 
dyes and solvents on photostability and identi-
fy which dye and solvent would give the best 
photostability. The mean (M(∆Abs)) and stand-
ard deviation (SD(∆Abs)) of absorbance change 
(measured daily for 14 days) were set as the re-
sponses of interest. Natural logarithmic trans-
formation was applied to model the variability 
of the response as it is in standard deviation 
[16,22] and the natural log (ln(SD(∆Abs))) was 
calculated. 
A Pearson chi-square test and a likelihood 
ratio chi-square test can be exploited to deter-
mine any statistical association between the 
categorical independent factors. The results of 
both chi-square statistics in Table 1 are exactly 
similar. By setting the level of significance, , 
at 0.05, the critical chi-square value is 20.05,2 = 
5.99. The null hypothesis is accepted (H0: The 
factors are independent) because the chi-
square value is less than the critical chi-square 
value (0 < 5.99). Moreover, the p-values larger 
than  implies (p-value > 0.05) that the null 
hypothesis is failed to be rejected. As a result, 
the dye and solvent factors are independent 
and not associated. 
  Chi-Square DF p-Value 
Pearson 0 2 1 
Likelihood ratio 0 2 1 
Table 1. Correlation between dye and solvent. 
Replicate Std Run 
Factors   Responses 
A: Dye  B: Solvent  
 M(∆Abs) ln(SD(∆Abs)) 
Actual Coded  Actual Coded 
1 12 1 SP 3  IPA 2  0.401 -2.34758 
1 10 2 NP 2  IPA 2  0.421 -2.46158 
1 1 3 SO 1  EtOH 1  0.062 -3.96859 
2 7 4 SO 1  EtOH 1  0.064 -4.01738 
1 11 5 SP 3  EtOH 1  0.268 -2.70456 
2 4 6 NP 2  IPA 2  0.413 -2.42024 
1 9 7 NP 2  EtOH 1  0.353 -2.79361 
2 5 8 SP 3  EtOH 1  0.254 -2.70008 
2 6 9 SP 3  IPA 2  0.403 -2.35599 
1 8 10 SO 1  IPA 2  0.068 -3.78981 
2 2 11 SO 1  IPA 2  0.066 -3.75930 
2 3 12 NP 2  EtOH 1  0.347 -2.81008 
Table 2. Experimental results for screening of photochromic dye and solvent. (Std = standard order; 
Run = run order). 
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Table 2 shows the experimental results of 
the mean of absorbance change and the photo-
stability of photochromic dye in solution. For 
the mean, NP in isopropanol has the highest 
mean increment of 0.421% (Run 2) whilst SO in 
ethanol has the lowest increase of 0.062% (Run 
3). In terms of photostability, SO in ethanol 
gave the lowest ln(SD(∆Abs)) value of −4.01738 
(Run 4) whereas SP in isopropanol yielded the 
highest value of −2.34758 (Run 1). The low val-
ue of the natural log denotes a small standard 
deviation. For that reason, SO in ethanol has 
the smallest standard deviation while SP in 
isopropanol has the largest standard deviation. 
These statistics results were in agreement with 
the previous finding that the photostability of 
SO is better than SP [37]. SP was also shown to 
have poorer light fatigue in comparison to SO 
[4]. 
 
3.3.2 Response 1: Mean of absorbance change 
(M(∆Abs)) 
There are seven components of an ANOVA 
table as in Table 3, which are the source of var-
iation (Source), degrees of freedom (DF), se-
quential sum of squares (Seq SS), adjusted sum 
of squares (Adj SS), adjusted mean squares 
(Adj MS), F-value, and P-value. F-value is the 
ratio of Adj MS for a source to Adj MS for the 
error while P-value is a probability that 
measures the evidence against the null hypoth-
esis [16]. 
The critical values of F-distribution in Table 
3 are F0.05,2,6 = 5.14 and F0.05,1,6 = 5.99. Since the 
F-values of dye (4549.83 > 5.14), solvent 
(583.69 > 5.99), and their interaction (183.21 > 
5.14) are very high compared to the values ob-
tained from the F-distribution table, the null 
hypothesis (H0:  = 0) is rejected while the al-
ternative hypothesis (H1:  ≠ 0) is accepted, and 
all terms contribute significantly to the re-
sponse of M(∆Abs). The p-values equal to zero 
for these three terms are in agreement with the 
F-values. This is because the null hypothesis 
(H0:  = 0) is also rejected when the p-values 
are smaller than  (p-value ≤ 0.05). Therefore, 
the main effects of the dye and solvent as well 
as their interaction effect are statistically sig-
nificant to the mean of absorbance change. 
From the model summary in Table 4, the 
standard error of the model or regression, S, is 
0.00506623. This error needs to be as small as 
possible because it is an estimate of the 
amount of variability within the factors. The 
coefficient of determination, R2 = 99.94% indi-
cates that the model can explain 99.94% of the 
variability in the response. The adjusted R2 = 
99.89% is also very high. A very small differ-
ence between R2 and adjusted R2 implies that 
there is a very low possibility that insignificant 
terms have been added in the model, deducing 
a high degree of model significance. 
The regression coefficients for each level are 
tabulated in Table 5. The coefficient value is 
computed with respect to the reference level for 
the factor, which has a coefficient of zero. SP is 
the reference level for the dye factor and IPA is 
for the solvent factor, since both of them are 
absent from the table. Moreover, a larger coef-
ficient is linked to a response of higher magni-
tude. A positive coefficient means a positive as-
sociation and vice versa. 
For the dye factor, SO has a higher effect on 
the M(∆Abs) compared to NP and SP. The neg-
ative coefficient of SO signifies that the absorb-
ance change in SO is lower than in SP while 
the positive coefficient of NP implies that NP 
has higher absorbance change compared to SP. 
From the solvent aspect, ethanol gives greater 
impact but yields lower M(∆Abs) than isopropa-
nol. 
Source DF Seq SS Adj SS Adj MS F-value p-value 
Dye 2 0.233558 0.233558 0.116779 4549.83 0 
Solvent 1 0.014981 0.014981 0.014981 583.69 0 
Dye*Solvent 2 0.009405 0.009405 0.004702 183.21 0 
Error 6 0.000154 0.000154 0.000026     
Total 11 0.258098         
Table 3. ANOVA for screening of photochromic dye and solvent (response is M(∆Abs)). 
S R2 R2(adj) 
0.00506623 99.94% 99.89% 
Table 4. Model summary for screening of pho-
tochromic dye and solvent (response is 
M(∆Abs)). 
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Based on the t-distribution table, the critical 
t-value is t0.025,6 = 2.447. For each factor, the 
difference between the reference level and all of 
the terms are statistically significant except for 
NP*EtOH, in which the |t0| < t0.025,6 as in Ta-
ble 5. This is further confirmed with the P-
values. Since the model factors are specifically 
chosen, the developed statistical model is a 
fixed effects model. Therefore, all results are 
valid within the range of the  parameter levels 
[16]. Exploiting the coefficients from Table 5, 
the multiple regression model relating the 
M(∆Abs) with the independent variables is as 
in Equation (8), where A1 is SO, A2 is NP, and 
B1 is ethanol. A value of one is substituted into 
the model for the levels at which the response 
is predicted whereas zero is substituted for oth-
er levels. The values of A1, A2, and B1 are tabu-





3.3.3 Response 2: Natural log of standard devi-
ation of absorbance change (ln(SD(∆Abs))) 
From Table 7, the critical values of F0.05,2,6 = 
5.14 and F0.05,1,6 = 5.99 are the same as Table 3, 
as the values of DF and  are the same. Since 
the F-values of dye (5117.76 > 5.14), solvent 
(642.63 > 5.99), and their interaction (14.07 > 
5.14) are larger than the critical values, the 
null hypothesis (H0:  = 0) is rejected, while the 
alternative hypothesis (H1:  ≠ 0) is accepted, 
which implies that all terms have a significant 
impact on photostability. The p-values smaller 
than  are also in accordance with the F-
values, which result in the rejection of the null 
hypothesis (H0:  = 0). Hence, from the ANO-
VA, it is found that the ln(SD(∆Abs)) is signifi-
cantly affected by the dye, solvent, and dye-
solvent interaction. 
The small value of S (0.0211786) in Table 8 
denotes small variability within the factors. 
Moreover, R2 suggests that the model can de-
scribe 99.95% of the response variability. The 
adjusted R2 (99.90%) is also very high. This 
  Term Coefficient SE Coefficient T-value p-value 
  Constant 0.260000 0.001462 177.78 0 
Dye SO -0.195000 0.002068 -94.28 0 
  NP 0.123500 0.002068 59.71 0 
Solvent EtOH -0.035333 0.001462 -24.16 0 
Dye*Solvent SO*EtOH 0.033333 0.002068 16.12 0 
  NP*EtOH 0.001833 0.002068 0.89 0.41 
Table 5. Estimated regression coefficients for screening of photochromic dye and solvent (response is 
M(∆Abs)). 
Dye Solvent A1 A2 B1 A1B1 A2B1 
SO EtOH 1 0 1 1 0 
NP EtOH 0 1 1 0 1 
SP EtOH -1 -1 1 -1 -1 
SO IPA 1 0 -1 -1 0 
NP IPA 0 1 -1 0 -1 
SP IPA -1 -1 -1 1 1 
Table 6. Values of A1, A2, and B1 in Equations (8) and (9). 
Source DF Seq SS Adj SS Adj MS F-value p-value 
Dye 2 4.59095 4.59095 2.29548 5117.76 0 
Solvent 1 0.28824 0.28824 0.28824 642.63 0 
Dye*Solvent 2 0.01262 0.01262 0.00631 14.07 0.005 
Error 6 0.00269 0.00269 0.00045     
Total 11 4.8945         
Table 7. ANOVA for screening of photochromic dye and solvent (response is ln(SD(∆Abs))). 
( ) 1 2 1
1 1 2 1
0.26 0.195 0.1235 0.035333
0.033333 0.0018333
M Abs A A B
A B A B
 = − + −
+ +
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happens because all the terms in the model are 
statistically significant.  
Table 9 presents the regression coefficients 
for each factor level. The lower the value of 
ln(SD(∆Abs)), the better the photostability. 
Considering dye as the factor, SO produces the 
best photostability because of the negative sign. 
Also, the photostability was improved when 
ethanol is used as the solvent. From Table 9, 
the critical value of t is t0.025,6 = 2.447, which is 
identical to the value in Table 5 since the DF 
and  values are as before. All of the terms 
have significant difference when compared to 
the reference level because the lowest |t0| is 
2.95, still larger than 2.447. These T-values are 
parallel with the P-values because all of the P-
values are smaller than 0.05. 
The developed multiple regression equation 
for ln(SD(∆Abs)) from the coefficients in Table 
9 is as in Equation (9) where A1 is SO, A2 is 
NP, and B1 is ethanol. The values of A1, A2, and 






3.4 Model Adequacy Checking 
3.4.1 Response 1: Mean of absorbance change 
(M(∆Abs))   
There are three residual plots that can be 
employed to validate the model assumptions. 
All of these plots were plotted using the stand-
ardized residuals in order to detect any outlier 
simultaneously. The first one is the normal 
probability plot of the standardized residuals 
as in Figure 4(a). The normal probability plot 
is exploited instead of a histogram because this 
plot is more effective in interpreting small 
samples of less than 200. The residuals for 
M(ΔAbs) are normally distributed since the 
plot resembles a straight line, with the points 
S R2 R2(adj) 
0.0211786 99.95% 99.90% 
Table 8. Model summary for screening of pho-
tochromic dye and solvent (response is 
ln(SD(∆Abs))). 
  Term Coefficient SE Coefficient T-value p-value 
  Constant -3.010730 0.006110 -492.45 0 
Dye SO -0.873037 0.008646 -100.97 0 
  NP 0.389356 0.008646 45.03 0 
Solvent EtOH -0.154983 0.006114 -25.35 0 
Dye*Solvent SO*EtOH 0.045768 0.008646 5.29 0.002 
  NP*EtOH -0.025484 0.008646 -2.95 0.026 
Table 9. Estimated regression coefficients for screening of photochromic dye and solvent (response is 
ln(SD(∆Abs))). 
  Dye/Solvent N Mean Grouping 
Dye for M(∆Abs) NP 4 0.3835 A 
  SP 4 0.3315 B 
  SO 4 0.065 C 
Solvent for M(∆Abs) IPA 6 0.29533 A 
  EtOH 6 0.22467 B 
Dye for ln(SD(∆Abs)) SP 4 -2.527 A 
  NP 4 -2.621 B 
  SO 4 -3.884 C 
Solvent for ln(SD(∆Abs)) IPA 6 -2.856 A 
  EtOH 6 -3.166 B 
Table 10. Grouping information of dye and solvent for M(∆Abs) for ln(SD(∆Abs)). 
( )( ) 1 2
1 1 1
2 1
ln 3.01073 0.873037 0.389356
0.154983 0.045768
0.025484
SD Abs A A
B A B
A B
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generally falling close to the line. This is con-
sistent with the Anderson-Darling test, as the 
p-value is 0.824 (p-value > 0.05). 
For the model validation, both plots of the 
standardized residuals versus fitted values 
(Figure 4(b)) and the standardized residuals 
versus run order (Figure 4(c)) reveal no clear 
pattern and the points are randomly distribut-
ed around zero. Hence, both constant variance 
and independence assumptions for M(ΔAbs) are 
met and verified. These three residual plots 
signify no violations of assumptions. The ANO-
VA model fits the data sufficiently well. Addi-
tionally, there is no outlier observed in these 
plots since the standardized residual values 
are within ±2. 
Tukey’s multiple comparison test is em-
ployed to compare all possible pairs of factors 
and determine which pairs of factor means are 
significantly different from each other. Table 
10 reveals the grouping information of the dye 
and solvent, with M(∆Abs) and ln(SD(∆Abs)) 
being the response. The NP, SP, and SO means 
are significantly different from each other be-
cause they do not share a grouping letter. NP 
dye has the biggest mean of M(∆Abs) whilst SO 
has the smallest mean. The Tukey’s test dis-
Figure 4. (a) Normal probability plot of stand-
ardized residuals for M(ΔAbs). Standardized 




Figure 5. (a) Normal probability plot of stand-
ardized residuals for ln(SD(∆Abs)). Standard-
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closes that the means of M(∆Abs) of isopropanol 
and ethanol were significantly different aver-
age. Ethanol exhibited smaller M(∆Abs) than 
isopropanol. 
 
3.4.2 Response 2: Natural log of standard devi-
ation of absorbance change (ln(SD(∆Abs))) 
Figure 5(a) displays the normal probability 
plot of the standardized residuals for 
ln(SD(∆Abs)). All of the points fall nearly on 
the straight line and thus fulfil the normality 
condition. The p-value of the Anderson-Darling 
test of 0.972 justifies the normality. 
The other two plots utilized for validation 
are shown in Figure 5(b-c). The assumptions of 
constant variance and independence for 
ln(SD(∆Abs)) are proven since the points are 
vertically spread in these two plots of the 
standardized residuals versus fitted values 
(Figure 5(b)) and the standardized residuals 
versus run order (Figure 5(c)). The ANOVA 
model fits the data well enough because all of 
the residual plots do not indicate a violation of 
assumptions. Besides, the range of standard-
ized residual values from −2 to +2 shows non-
appearance of outlier. 
Table 10 displays the grouping information 
of the dye for ln(SD(∆Abs)) response. The 
means of these three dyes have significantly 
different average ln(SD(∆Abs)). SO dye has the 
lowest mean of ln(SD(∆Abs)) which implies that 
SO is the most stable dye as compared to NP 
and SP. The means of ln(SD(∆Abs)) for isopro-
panol and ethanol indicates that the signifi-
cantly different average of ln(SD(∆Abs)) with 
ethanol produces lower ln(SD(∆Abs)) than iso-
propanol. The molecules of spironaphthoxazine 
(SNO), which is an SO, in ethanol solvent is ex-
cited to produce the hydrogen bonded species 
through C−O bond breakage during the relaxa-
tion process of the excited states [38]. Unlike 
ethanol which is a protic solvent of high polari-
ty, propanol is a lower polarity solvent [38]. 
 
4. Conclusions 
In solution form, all the three types of pho-
tochromic dyes, which are spirooxazine, naph-
thopyran, and spiropyran, exhibited positive or 
normal photochromism. The absorption peak 
was detected at 608 nm for isopropanol and 613 
nm for ethanol, which designates that SO 
shows positive solvatochromism. NP dye also 
unveils positive solvatochromism because the 
maximum absorption band moved bathochro-
mically from 428 nm to 430 nm as the solvent 
polarity increases. SP however exhibits nega-
tive solvatochromism as the maximum wave-
length was shifted to shorter wavelength in 
more polar solvent, from 550 nm in isopropanol 
to 538 nm in ethanol. The analysis of multi-
level factorial design reveals that the main fac-
tors of dye and solvent, and also their interac-
tion gave statistically significant impact on the 
change in absorbance intensities and photosta-
bility. Naphthopyran has the highest mean ab-
sorbance than spiropyran and spirooxazine. 
Nevertheless, spirooxazine is the most photo-
stable dye, followed by naphthopyran and spi-
ropyran. All these dyes have better photostabil-
ity in ethanol compared to isopropanol. 
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